Eubacterial 16S rDNAs were sequenced from endosymbionts of seven psyllids (Psylloidea) and one whitefly (Aleyrodoidea), to investigate the evolution of endosymbionts and their hosts. Primary endosymbionts from all psyllids formed a highly supported clade, tentatively placed as the sister to whitefly primary endosymbionts, and showing several points of congruence with the host morphological phylogeny. Almost all host taxa yielded an additional eubacterial sequence, related either to known psyllid secondary endosymbionts or to other insect endosymbionts or parasites. The relationships of some secondary endosymbionts also suggested cospeciation with psyllid hosts, or ancient horizontal transfers. All primary endosymbionts, and some secondary endosymbionts, exhibited molecular genetic effects of a long-term, intracellular existence in their biased nucleotide content and decreased stability of rRNA secondary structure.
Introduction
Insects subsisting on nutrient-deficient diets frequently support maternally inherited, bacterial mutualists (Buchner, 1965) . Such endosymbionts live within specialized host cells (bacteriocytes) and are generally thought to supplement their host's diet with essential, limiting nutrients (Dasch et al. , 1984; Douglas, 1998; Moran & Telang, 1998) . Hosts often harbour more than one form of symbiont, but the primary (P) endosymbionts are maintained within specialized, host-derived bacteriocytes, and are believed to represent an ancient mutualism (Buchner, 1965) . In several associations, a pattern of strongly supported P endosymbiont monophyly and congruence with the host phylogeny imply an infection of the common host ancestor and subsequent cospeciation between hosts and endosymbionts (Munson et al. , 1991; Clark et al. , 1992; Munson et al. , 1992; Bandi et al. , 1995; Schröder et al. , 1996; Heddi et al. , 1998; Spaulding & von Dohlen, 1998; Chen et al. , 1999) .
In addition to P endosymbionts, insects may harbour maternally inherited, secondary (S) endosymbionts, usually in cells other than bacteriocytes (Buchner, 1965) . Evidence suggests that S endosymbionts of a given insect group belong to different proteobacterial lineages than P endosymbionts, and are more recently acquired, either as multiple, independent acquisitions or by horizontal transfers between taxa (Moran & Telang, 1998) . For example, S endosymbionts exhibit a less organized mode of transmission from mother to offspring, suggesting a shorter period of adaptation (Buchner, 1965) . They may be absent in some species or individuals (Fukatsu & Ishikawa, 1993; Chen & Purcell, 1997) , and show nearly identical rDNA sequences across species (Aksoy et al. , 1997; Chen & Purcell, 1997) .
Long-term endosymbiosis apparently has predictable genetic consequences for bacterial lineages. Compared to free-living relatives, endosymbiont genes show accelerated rates of evolution and, in most cases, a nucleotide bias (often towards increased A and T nucleotides) (Moran, 1996) . These characteristics may result from the accumulation of slightly deleterious mutations through genetic drift, promoted by small bacterial populations, lack of opportunity for recombination between host populations, and bottlenecks in endosymbiont populations at each host generation (Moran, 1996; Brynnel et al. , 1998) . The possibility that relaxed selection pressure in the intracellular environment might contribute to this pattern has also been considered (e.g. Lambert & Moran, 1998; .
The effects of high A + T bias and high substitution rates may be detrimental to endosymbiont fitness. In endosymbionts of several insect lineages, these features substantially lower the energetic stability of rRNA secondary structure; changes in free energy are a function of both decreased stability of AU pairs and the introduction of mismatches (Lambert & Moran, 1998) . In Buchnera endosymbionts of aphids, where many protein-coding genes have been sequenced, these putative effects of drift have led to elevated rates of amino acid substitution and weakening or loss of adaptive codon bias (Moran, 1996; Brynnel et al. , 1998; Wernegreen & Moran, 1999) . The observed A + T nucleotide bias of Buchnera may also be responsible for its substantial gene shortening and genome size reduction (Charles & Ishikawa, 1999; .
Bacterial endosymbionts of psyllids (plant-sap feeding insects of the Psylloidea, suborder Sternorrhyncha, order Hemiptera) have only recently been characterized molecularly, and are particularly intriguing because their 16S sequences show the effects of long-term endosymbiosis which are greatly exaggerated beyond any endosymbionts so far examined (Spaulding & von Dohlen, 1998) . Psyllid endosymbionts are maintained in a bilobed organ, the bacteriome, consisting of bacteriocytes and a multinucleate syncytium (Buchner, 1965) . Bacteriocytes house rod-like bacteria (P-or X-endosymbionts) and the syncytium contains round or oval bacteria (S-or Y-endosymbionts) (Chang & Musgrave, 1969; Waku & Endo, 1987) . Two recent studies of 16S rDNA have identified both symbiont types as members of the gamma Proteobacteria (as are many insect endosymbionts), and found a sister relationship with whitefly (Sternorrhyncha: Aleyrodoidea) P endosymbionts (Fukatsu & Nikoh, 1998; Spaulding & von Dohlen, 1998) . This was particularly interesting because the relationship of psyllid and whitefly hosts suggests that they may share an ancient mutualism established in their common host ancestor (Spaulding & von Dohlen, 1998) . Relationships among three endosymbiont sequences were concordant with host relationships based on morphology (White & Hodkinson, 1985; Spaulding & von Dohlen, 1998) . Putative S endosymbionts constituted independent lineages in the Enterobacteriaceae (Fukatsu & Nikoh, 1998; Spaulding & von Dohlen, 1998) . The localization of a P endosymbiont sequence to bacteriocytes and an S endosymbiont sequence to the syncytium was confirmed through in situ hybridization (Fukatsu & Nikoh, 1998) . Both molecular studies above, noted that 16S sequences of all P and two S endosymbionts were rich in A and T nucleotides and were highly substituted, compared to free-living relatives as well as other symbionts (Fukatsu & Nikoh, 1998; Spaulding & von Dohlen, 1998) . Spaulding & von Dohlen (1998) found, for all P endosymbionts, and also one S endosymbiont, that most pair-wise differences between the endosymbiont and a free-living relative resulted in increased A + T content of the symbiont. Furthermore, substitution rates in these same endosymbionts were three to nearly five times faster than in free-living relatives, and therefore roughly twice as fast as in other insect endosymbionts (Spaulding & von Dohlen, 1998) .
The combination of extreme A + T bias and greatly accelerated substitution rates in psyllid endosymbionts poses a difficult problem for phylogenetic analysis, because no practical model of nucleotide substitution can account for the simultaneous variation among taxa in these parameters (Swofford et al. , 1996) . Although both Fukatsu & Nikoh (1998) and Spaulding & von Dohlen (1998) found a sister relationship between psyllid and whitefly P endosymbionts, bootstrap support for the relationship was only moderate (less than 75%) in both studies; these included a neighbour-joining analysis (Saitou & Nei, 1987) under a simple substitution model (Fukatsu & Nikoh, 1998) and a maximum likelihood analysis (Felsenstein, 1981) under a complex substitution model (Spaulding & von Dohlen, 1998) .
These first molecular studies of psyllid endosymbionts have prompted further questions. First, is there a sister relationship between psyllid and whitefly P endosymbionts (as suggested in results of previous studies)? Second, is there a pattern of co-speciation between hosts and P endosymbionts across a broad diversity of psyllids? Third, what is the relationship of the AT-rich, rate-accelerated S endosymbionts to each other, and do similar S endosymbionts exist in other psyllid species? Fourth, does the unusually high A + T content and rate of acceleration of psyllid endosymbiont 16S rDNAs have greater destabilizing effects on rRNA secondary structure than are found in other endosymbionts? Here we have addressed these questions by cloning and sequencing bacterial 16S rDNA amplified from seven species in four psyllid subfamilies, and one species from a second whitefly subfamily; results were combined with previously published endosymbiont and free-living eubacterial sequences for analysis.
Results and discussion

Phylogenetic position of psyllid primary endosymbionts
Both maximum-likelihood and distance methods consistently recovered several relationships among the 46 taxa included in the analysis. All newly cloned eubacterial 16S sequences were placed with high bootstrap support within the gamma Proteobacteria (Fig. 1) . Seven of these were placed in a highly supported clade that included previously characterized psyllid P endosymbionts (Fig. 1) . New sequences had A + T proportions that were similar to known psyllid P endosymbionts, ranging from 62.2% to 65.1%.
Heuristic searches for the best maximum-likelihood tree found a sister relationship between psyllid and whitefly P endosymbionts (Fig. 1) , as reported in previous studies (Fukatsu & Nikoh, 1998; Spaulding & von Dohlen, 1998) . Distance analyses also placed both psyllid and whitefly P endosymbionts in the same lineage, but placed several of the AT-rich, putative psyllid S endosymbionts at the base of the psyllid P endosymbionts. With the additional taxa included in this study, however, maximum-likelihood bootstrap support for the psyllid and whitefly P endosymbiont sister relationship remained weak (< 50%). This may partly be because the placement of new taxa did not shorten the long branch leading to the psyllid P endosymbionts. The level of support for the relationship was mostly reduced by competing topologies that caused some psyllid S endosymbionts to join at the base of the psyllid P endosymbiont lineage. As these are all rapidly evolving, ATbiased taxa (see below), this may be an indication that long-branch attraction (Felsenstein, 1978; Hillis et al. , 1994) or, more likely, nucleotide bias, was a confounding factor in the ML analysis of some of the bootstrap pseudodata sets. Apparently these characteristic attributes of psyllid endosymbionts continue to pose a difficult problem for existing models of nucleotide substitution. When the number of outgroup taxa was greatly reduced, allowing more thorough heuristic and bootstrap searches, bootstrap support for the psyllid and whitefly P endosymbiont sister relationship increased beyond 50% (Fig. 2) . This was probably due in part to reducing the number of possible positions that the psyllid P endosymbiont lineage could occupy, as well as to the omission of psyllid S endosymbionts. At present, further validation of the phylogenetic position of psyllid P endosymbionts awaits information from other genes, although these, as in the case of Buchnera and other endosymbionts, may exhibit similar accelerated rates and nucleotide bias due to genome-wide drift or relaxed selection (Moran, 1996; Brynnel et al. , 1998; Clark et al. , 1999; Wernegreen & Moran, 1999) .
Cospeciation of psyllid P endosymbionts and insect hosts
Analysis of both the full and reduced data sets recovered the same topology within the psyllid P endosymbiont clade (Figs 1 and 2). Major lineages in the tree corresponded to family level classification (White & Hodkinson, 1985) , with the exception of Pco-20 from Paratrioza cockerelli . Comparison of the psyllid P endosymbiont tree with the host phylogeny based on morphology (White & Hodkinson, 1985; Burckhardt, 1991; Yang & Mitter, 1994) showed several points of congruence (Fig. 3) . Six internal nodes of the P endosymbiont clade had corresponding nodes in the host tree, four of which had high bootstrap support: Figure 1 . The single maximum-likelihood tree from one heuristic search with random addition of taxa and tree-bisection and reconnection branchswapping. Numbers above branches indicate the percentage (above 50%) of 115 bootstrap replicates that supported them. Branches shown in bold were also found in both distance analyses. Names of clones from our laboratory are preceded by clone numbers. New clones for this study are shown in bold. Names of free-living eubacteria are underlined. Hosts of other endosymbionts are Anomoneura mori (Am), Siphoninus phillyreae (Sp), Trialeurodes vaporariorum (Tp), Bemisia tabaci (Bt), Sitophilus oryzae (So), Glossina pallidipes (Gp), Acyrthosiphon pisum (Ap), Cimex lectularius (Cl), Nasonia vitripennis (Nv), Camponotus rufipes (Cr), Glossina brevipalpis (Gbr), Rhopalosiphum maidis (Rm), Gryllus bimaculatus (Gbi). All taxa are gamma Proteobacteria except for two beta-proteobacterial outgroup taxa at the base of the tree. GENBANK accession numbers or RDP short-i.d.'s of taxa, from top to bottom, are: AF286116, AF286117, Comparison of the P endosymbiont tree from ML analysis to a morphology-based tree of their psyllid hosts (White & Hodkinson, 1985) . Boxed letters indicate corresponding nodes in the two trees. Points of incongruence of the endosymbiont tree with the host tree stem from the position of the root (solid arrow indicates the position of the host tree's root), and the position of two taxa (dashed arrows indicate their placement in the host tree). the association of Cecidotrioza and Trioza , relationships within Pachypsylla , and the association of the latter with Blastopsylla (see Fig. 2 ).
Points of discordance between the two trees could be the result of horizontal transfers of endosymbionts between host lineages, or an error in estimation of either tree. The latter seems possible because of short internal branches within the endosymbiont phylogeny, which could have caused low bootstrap support for several internal nodes and conflicts with the distance analyses (found, for example, over the position of Pco-20). 16S rDNA sequences simply may not contain sufficient information to resolve all divergences with confidence, particularly where they may have occurred rapidly (e.g. within Psyllidae). To achieve complete congruence with the host tree, the P endosymbiont tree must be re-rooted and two taxa repositioned (Fig. 3) . Statistically, re-rooting the endosymbiont tree to reflect the root of the host tree had a small, nonsignificant effect on the log-likelihood score (Table 1 ). The position of the root might be expected to be unstable, given the great genetic distance and nucleotide compositional differences between psyllid P endosymbionts and their outgroups. Rearranging the internal nodes of the P endosymbiont tree to match the host tree (with or without re-rooting the tree) on the other hand, dramatically decreased the likelihood score nearly to the 0.05 level of significance (Table 1) . Most of the decrease was due to Pco-20 from P . cockerelli . Thus, the chosen model of nucleotide substitution disfavours a topology that is completely congruent with the host tree, and favours a topology including the monophyly of Paratrioza (Triozidae) with Psyllidae.
A revaluation of the psyllid phylogeny might therefore be warranted. Psyllid relationships at several taxonomic levels are not well understood, and many taxa are poorly defined (Yang & Mitter, 1994; D. Burckhardt, personal communication) . The most modern, comprehensive, phylogenetic treatment was undertaken by White & Hodkinson (1985) , but the monophyly of several proposed clades has subsequently been questioned (e.g. Burckhardt, 1991) . Our analysis of endosymbiont sequences, in fact, supports Burckhardt's (1991) revision of Spondyliaspididae to include Blastopsylla . Burckhardt (1991) also questioned the monophyly of White & Hodkinson's (1985) clade containing Spondyliaspididae and Psyllidae. Thus, it seems possible that even the root of Psylloidea, as defined by White & Hodkinson (1985) may be in question. Examination of molecular characters for host psyllid phylogeny may help to clarify these relationships.
Secondary endosymbionts
All host taxa, except Pachypsylla spp., yielded a second form of eubacterium in addition to the P endosymbiont. These secondary bacterial sequences all clustered in the gamma Proteobacteria, most of them in a large lineage including several other insect endosymbionts (Fig. 1) . Most relationships within this lineage were not supported above the 50% bootstrap level (Fig. 1) . We hypothesize that sequences in this lineage derived from psyllids represent the bacteriome-dwelling, S endosymbiont. To be certain, their locations should be confirmed histologically.
Secondary endosymbionts of the bacteriome in Sternorrhyncha (including aphids, mealybugs, and scales, in addition to whiteflies and psyllids) are thought to represent younger associations than P endosymbionts, established independently after the diversification of their hosts (Buchner, 1965; Unterman et al. , 1989) . In aphids, S endosymbionts are morphologically variable and maintained in different locations in the bacteriome according to host species, and may be absent in some species or populations (Fukatsu & Ishikawa, 1993 , 1998 Chen & Purcell, 1997) . Putative S endosymbionts of mealybugs (Pseudococcidae) are also derived from independent gamma-proteobacterial lineages (Fukatsu & Nikoh, 2000) . We therefore expected that S endosymbionts of different host psyllid lineages might originate from independent bacterial lineages, or at least would show noncongruence with the host phylogeny. This was the case for sequences from Paratrioza cockerelli (Pco-9), Psylla?floccosa (Pfl-1), and the previously characterized Blastopsylla occidentalis (Bco-6), as each constituted independent lineages. However, contrary to our expectation, clones from Psylla pyricola (Ppy-2) and Heteropsylla cubana (Hcu-5) formed a monophyletic group with two previously characterized secondary endosymbionts. One of these, the S endosymbiont from Anomoneura mori , was demonstrated to dwell in the syncytial region of the bacteriome (Fukatsu & Nikoh, 1998) . The other, Tma-14 from Trioza magnoliae , was shown to have both an accelerated substitution rate and a mutational bias toward increased AT content (Spaulding & von Dohlen, 1998) , characteristic of long-term, insect endosymbionts (Moran, 1996; Clark et al. , 1999; Wernegreen & Moran, 1999) . The branch lengths from Ppy-2, S sym (Am), and Hcu-5 to their common ancestor were similar to that of Tma-14, suggesting rate acceleration in these sequences as well. Along with Tma-14, they exhibited the highest A + T content of all taxa in the tree, other than psyllid P endosymbionts, ranging from 54.2% to 57.4%. Furthermore, Ppy-2, S sym (Am), and Tma-14 formed a highly supported clade showing congruence with the host phylogeny. These results raise the intriguing possibility that some S endosymbionts represent ancient associations and have co-speciated with their hosts at deep taxonomic levels (e.g. from the divergence of Triozidae and Psyllidae). The incongruence of Hcu-5 from Heteropsylla cubana with the P endosymbiont and host phylogenies, however, implies that it represents either an independent, long-term lineage or an instance of horizontal transfer (or its placement could be due to phylogenetic error). The significance of these findings can be explored further as S endosymbionts from additional psyllid lineages are characterized. The two remaining secondary sequences were related to previously characterized intracellular parasites. In G EN B ANK BLAST searches (Altschul et al. , 1997) , Cso-1, from the psyllid Cecidotrioza sozanica , showed 94% similarity to Rickettsiella grylli , and was paired with 100% bootstrap support with this species in the phylogenetic analysis (Fig. 1) . R . grylli , an intracellular parasite of crickets, was reported to be closely related to Coxiella burnetii and Legionella spp. (Roux et al. , 1997) ; our analysis supports this relationship. Clone Adu-4 from the whitefly, A. dugesii had the highest similarity to Arsenonphonus nasoniae from Nasonia vitripennis and ' Candidatus Arsenophonus triatominarum' from Triatoma infestans (94% and 95% similarity, respectively), and was placed as the sister to A . nasoniae (Fig. 1) . Both A . nasoniae and ' Candidatus Arsenophonus triatominarum' are maternally inherited, intracellular bacteria with parasitic attributes (Gherna et al. , 1991; Hypsa & Dale, 1997) . The discovery of these bacteria in psyllids and whiteflies hints at the possibility that Rickettsiella and Arsenophonus bacteria, similar to Wolbachia pipientis (Werren, 1997) , may be widespread in insects.
All Pachypsylla species and Cecidotrioza sozanica lacked S endosymbionts altogether. These four psyllid species cause galls to form on their host plants, or, as in the case of the inquiline Pachypsylla , invade galls of another species during their formation (Yang & Mitter, 1994; D. Hollis, personal communication) . Aphid galls can act as strong nutrient sinks (Larson & Whitham, 1991; Inbar et al. 1995; Fay et al. 1996) and may concentrate nutrients in phloem sap (as evidenced by higher levels of amino acids in insect excretions) (Forrest, 1971) . Galls of other homopterans may have similar qualities. Although nothing is yet known of the function of S (or P) endosymbionts, we presume that they may synthesize nutrients for their hosts. If the nutritional contribution of S endosymbionts is unnecessary due to a more complete diet -such as in gall tissue -then selection may favour the loss, or disfavour the acquisition, of S endosymbionts. Further exploration of endosymbionts in diverse gall-forming psyllids (Hodkinson, 1984) should reveal whether a positive correlation between gall-feeding and absence of S endosymbionts is widespread.
Consequences of accelerated evolution and nucleotide bias on ribosomal RNA secondary structure For proteobacterial endosymbionts of several insect lineages, cumulative effects of mildly deleterious mutations in 16S rRNAs have decreased the stability of secondary structure, as determined by predicted free energies (Lambert & Moran, 1998) . Because psyllid P endosymbionts (and some S endosymbionts) collectively exhibit the most highly substituted and nucleotide (A + T) biased 16S sequences of any insect endosymbionts so far characterized (Fukatsu & Nikoh, 1998; Spaulding & von Dohlen, 1998) , we hypothesized that the predicted secondary structure of this molecule in psyllid endosymbionts would be considerably less stable than in other endosymbionts. Figure 4 shows the range of free energies for various secondary structure predictions of entire 16S ribosomal RNAs (Jaeger et al. , 1989; Gutell et al. , 1993) . The 16S structures of AT-rich insect endosymbionts are clearly less stable than those of free-living eubacteria. Both psyllid P endosymbionts and an AT-rich S endosymbiont also exhibited lower predicted free-energy ranges than P endosymbionts of aphid and whitefly, with those of psyllid P endsymbionts approximately 30% lower (Fig. 4) .
Additional, potentially destabilizing substitutions can be found in a comparison of psyllid endosymbiont 16S rRNA to the hypothesized higher order structure of the 16S in E. coli (Gutell, 1994) . Specific regions of the primary sequence may be highly conserved due to important interactions in the secondary and tertiary structure of rRNA; examples are eight conserved sequence motifs in hairpin tetraloops of the secondary structure (Gutell, 1994) . In our 46-taxon alignment, three of the tetraloops appear to be invariant, exhibiting one of the conserved motifs ( E. coli positions 159 -162, 898 -901 and 1077-1080) , and two exhibit a conserved motif, but are not invariant ( E. coli positions 1013 -1016 and 1266 -1269) ( Table 2 ). In three other hairpin tetraloops, however, deviations from the conserved motifs are found among P endosymbionts (Table 2) . Furthermore, in the context of our alignment, the substitutions involved were changes from G or C to T, causing an increase in the A + U content of the endosymbiont 16S rRNAs.
Another example of structural differences in psyllid endosymbionts is found in regions of the 16S molecule that have been proposed to form coaxial helices supporting the 530 loop ( E. coli positions 517 -534). This loop participates in a pseudoknot structure that has been implicated in translational function, streptomycin binding, and binding to the S12 ribosomal protein (Gutell, 1994) . Given the importance of this region, we might expect selection to conserve the primary sequence. The loop itself is invariant in our alignment. The lower helix ( E. coli positions 500 -504/541-545) is nearly invariant (there is one base difference in the weevil endosymbiont). However, in the upper helix ( E. coli positions 511-515 / 536 -540), two or three substitutions are found in all psyllid P endosymbionts. Other endosymbionts and Neisseria gonorrhoeae also had one or two observed substitutions. For most taxa with two substitutions in these regions, the replacement nucleotides formed new canonical pairs in the secondary structure; these may be examples of a second substitution compensating for a destabilizing effect of the first. In all taxa where found, the new canonical pairs were changes from GC to AU. Psyllid P endosymbionts Pce-1 and inq-2 each had two noncanonical pairings resulting from two substitutions in this structure; apparently a second substitution, resulting in noncanonical pairing, occurred without a compensatory substitution for the first. In taxa with three substitutions in this structural feature, noncanonical pairings were formed adjacent to the new canonical pairs. The P endosymbiont of A. mori was the only psyllid P endosymbiont that did not bear the change from an A to a G at E. coli position 539; there may have been a reversal to the original canonical pairing in this endosymbiont.
The dramatically lowered stabilities of 16S structures and changes in conserved motifs are consistent with the idea that long-term psyllid endosymbionts have experienced increased fixation of mildly deleterious mutations by genetic drift, or relaxed selection. Because there is much yet to be learned about the biology of endosymbionts, it is not certain whether the reduced stability of rRNA secondary structure results in decreased fitness of bacteria or hosts (Lambert & Moran, 1998) . Further sequencing of psyllid endosymbiont genomes will reveal whether patterns found in ribosomal genes extend to protein-coding regions. We suspect that high rates of synonymous to nonsynonymous substitutions, low levels of adaptive codon bias, and an accumulation of amino acids with codons high in A or T may be found in psyllid endosymbionts, as have been found for Buchnera endosymbionts of aphids (Brynnel et al. , 1998; Clark et al. , 1999; Wernegreen & Moran, 1999) . It has been suggested that the base composition in Buchnera has reached a limit imposed by selection for protein function (Clark et al., 1999) . Future studies may discover whether psyllid endosymbionts exceed this limit, as might be predicted from the patterns found so far in 16S rDNA.
Experimental procedures
Information on specimen collection, preservation, and DNA extraction methods is shown in Not included in alignment used in phylogeny estimation because many taxa had sequence missing at the ends of the gene. Gutell (1994) © 2001 Blackwell Science Ltd, Insect Molecular Biology, 10, 57-67 DNA was obtained from whole insect homogenates of several adult females and /or nymphs of various ages, using the protein salting-out protocol of Sunnucks & Hale (1996) . Eubacterial 16S rDNA was amplified by polymerase chain reaction (PCR) with eubacteria-specific primers (10+ and 1507-), as was done by Spaulding and von Dohlen (Spaulding & von Dohlen, 1998) . PCR products of approximately 1500 bp were subcloned using the TOPO-TA cloning kit (Invitrogen, catalogue no. K4500). Plasmids were isolated after culture by alkaline lysis (Maniatis et al., 1982) or by miniprep (Wizard® Plus SV Minipreps, Promega catalogue #A1330, or Quantum Prep Kit, Bio-Rad catalogue #732-6100). For each host insect, six to 15 clones with 16S insertions were screened by EcoRI-HindIII double digests or by sequencing approximately 450 base pairs from the 10+ primer. Short sequences of unique clones were then compared to 16S sequences in public nucleotide databases using the BLAST 2.0 program (Altschul et al., 1997) , at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/ ). In the set from the inquiline Pachypsylla, a single clone showed 98% similarity to Burkholderia /Pseudomonas spp. and was discarded as a likely environmental contaminant (probably introduced while extracting the insects from dense gall tissue). Nearly complete 16S sequences were obtained for the remaining unique sequences, which were always represented by multiple clones from each host species. Automated sequencing was performed with ABI 373 and 377 Stretch machines. Internal sequencing primers were used to obtain each full sequence. In most cases, these were 10+, 341+, 766+ and 1507-, but 340+ was used in place of 341+ for clones originating from the three Pachypsylla species (Spaulding & von Dohlen, 1998) . Sequences were deposited in GENBANK (see Fig. 1 for accession numbers). Sequences were compared to known bacterial sequences with BLAST 2.0. In each case, the sequences most similar to our clones were in the gamma subdivision of Proteobacteria. Twenty-five taxa of the gamma Proteobacteria were selected from GENBANK (Benson et al., 1999) and the Ribosomal Database Project (RDP, Maidak et al., 1999) . These included free-living bacteria as well as several insect endosymbionts. Two free-living members of the closely related beta-subdivision of Proteobacteria (Woese et al., 1984) were selected as outgroup taxa. Five putative psyllid endosymbiont sequences from Spaulding & von Dohlen (1998) , and two from Fukatsu & Nikoh (1998) , were included for a total of 46 taxa. A multiple-sequence alignment was prepared using the PILEUP program in the Wisconsin package (Genetics Computer Group, 1994) . This 46-taxon alignment was edited manually with consideration given to secondary structure (Gutell, 1994) . Sites that could not be confidently considered as homologous were excluded from the analysis. In order to study the relationships among psyllid P endosymbionts more closely, an additional 17-taxon data set was produced from the 46-taxon data set by deleting taxa. This was done to facilitate better parameter estimates in modelling nucleotide substitution in that group, and to allow more thorough tree searches.
The regression plot (not shown) of cladistic sequence similarity on phenetic sequence similarity (Lyons-Weiler et al., 1996) , prepared with RASA 2.1 (Lyons-Weiler, 1997) demonstrated a highly significant departure from the null slope (t RASA = 53.18, P < 0.001), indicating sufficient signal in the matrix for phylogenetic analysis. From previous work (Spaulding & von Dohlen, 1998) , we anticipated that P endosymbionts and some S endosymbiont sequences would be highly substituted and A + T biased, thus creating among-lineage variation in substitution rate and base composition. Under these conditions, parsimony analysis may be positively misleading in its spurious grouping of long-branched taxa (Felsenstein, 1978) . Therefore, it was necessary to account for unobserved substitutions by modelling the process.
The selection of a nucleotide substitution model was carried out as described in Spaulding & von Dohlen (1998) . For both the 46-taxon and 17-taxon data sets, the selected model was one which combines the general time-reversible model (Lanave et al., 1984) with an assumed proportion of invariant sites, and the remaining among-site rates were assumed to follow a gamma distribution (six categories were used for the discrete model of Yang (1994) ). All subsequent maximum likelihood (ML) calculations implemented this model.
Tree searches, likelihood calculations, and Kishino-Hasegawa tests (Kishino & Hasegawa, 1989) were carried out using PAUP* version 4.0b2 for Macintosh, or 4.0d65 for Windows. Tree searches were performed with random addition of taxa followed by branch-swapping with tree-bisection and reconnection or subtree pruning-regrafting (the latter was used to obtain the ML test tree for the model selection).
Several methods of phylogenetic estimation were chosen to compliment each other. For the 46-taxon dataset, we used: (i) minimum evolution (ME) search using ML corrected distances (MEML), (ii) ME using LogDet corrected distances and an assumed proportion of invariant sites (MELD), and (iii) a full ML analysis. MEML allows the implementation of a chosen model of nucleotide substitution. In contrast, MELD cannot account for differing rates among types of substitutions, nor can it model varying site rates with a gamma distribution, but it can account for different nucleotide composition among taxa. For the MELD analysis, the assumed proportion of invariant sites, estimated with ML during the model selection process, was included to account for some of the difference in site rates. The short calculation times of both these ME analyses allowed thorough searches of tree space. The advantages of the full ML analysis were that more of the information in the dataset could be utilized than in the distance-based analyses, it performs better in cases of extreme branch length heterogeneity (Hillis et al., 1994) and it is robust to minor violations of the nucleotide substitution model assumptions (Yang, 1994) . However, the long calculation times of ML did not allow for a thorough search of the tree space with the large dataset. For this reason, ten trees were held at each step during the random addition of taxa to allow suboptimal placements that resulted in more optimal solutions in subsequent steps. While this technique is not a replacement for a thorough search of the tree space, it decreases the influence of the taxon addition sequence on the result. Once all taxa were added, a round of TBR branch swapping was carried out. For the 17-taxon dataset, an ML analysis was performed with a more thorough search of tree space. Non-parametric bootstrap analysis was used to calculate support indices for all MEML and ML analyses. Stabilities of 16S rRNAs were compared using MFOLD version 3.0, which uses nearest-neighbour thermodynamic rules to predict secondary structures from nucleotide sequence data (Zuker et al., 1999) . All 16S rDNA sequences were edited so that their ends were homologous and all ambiguous nucleotides were coded as N. Folding predictions were requested specifying constraints for three base-pairings, one for the base of each of the three domains of the 16S rRNA (Gutell et al., 1993) . The constrained pairings were: Domain I-27/556 (E. coli positions); Domain II-567/883; and Domain III-921/1396. Results were similar for structural predictions with no constraints.
Because data on all of the first thirty-four sites were not available for many sequences, 'prosthetic' oligomer data from the E. coli sequence were attached to the homologous 5′ ends of each sequence. Final sequence lengths were between 1414 and 1434 nucleotides. Original sequences were also submitted without specifying folding constraints. These gave similar results; for example, the difference in free energy for the optimal predicted structures for E. coli, with and without the constraints, was 6.8 kcal /mole. For each sequence, the program output included an optimal structure and subsequent suboptimal structures. Suboptimal structures were requested within 5% of the optimum, and each had at least twenty-one base pairings not occurring in the other structures. None of the structures of the output was more than 2.8% suboptimal. Some of the suboptimal structures likely contained most of the helices that would be predicted using a comparative method (Jaeger et al., 1989) ; and this was observed to be true for the E. coli sequence. In any case, the method allowed comparison of potential stability for each molecule under equal conditions.
